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Disruption of lignocellulosic structure of biomass plays a key role in producing bioethanol from lignocel- 
luloses. This study investigated the impact of dilute sulfuric acid pretreatment on bagasse structure using 
microwave heating. Three reaction temperatures of 130,160 and 190 °C with two heating times of 5 and 
10 min were considered and a number of instruments were employed to analyze the properties of the 
bagasse particles. On account of microwave irradiation into the solution with dielectric heating, the 
experiments indicated that an increase in reaction temperature destroyed the lignocellulosic structure 
of bagasse in a significant way. The pretreated bagasse particles were simultaneously characterized by 
fragmentation and swelling. When the reaction temperature was as high as 190 °C, the fragmentation 
of particles became fairly pronounced so that the specific surface area of the pretreated material grew 
substantially. Meanwhile, almost all hemicellulose was removed from bagasse and the crystalline struc¬ 
ture of cellulose disappeared. In contrast, the feature of lignin was remained clearly. However, a compar¬ 
ison between the heating times of 5 and 10 min revealed that the influence of the heating time on the 
lignocellulosic structure was not significant, indicating that the pretreatment with 5 min was sufficiently 
long. 

© 2011 Elsevier Ltd. All rights reserved. 


1. Introduction 

Currently, mass production of bioethanol from some starchy 
and sucrose-containing materials, such as cone and sugar cane, 
as a substitute fuel to gasoline has been extensively practiced in 
industry, by virtue of the pronounced fluctuation and rise in oil 
price, greenhouse gas emissions, global warming and strong de¬ 
mand of petroleum from some developing countries [1,2]. The pro¬ 
duction of bioethanol can reduce the import of petroleum and, 
thereby, increase the independence of energy development in a 
country (energy security), such as the United States and Brazil 
[3]. Unfortunately, when starchy and sucrose-containing materials 
are used as feedstocks, it may cause a serious problem of global 
food shortage [4]. It has been known that lignocellulosic biomass, 
such as agricultural and garden wastes as well as natural forestry 
residues, is extremely abundant in the environment with the char¬ 
acteristics of its great availability and low cost [5]. Therefore, if bio¬ 
ethanol is produced using lignocellulosic biomass as a raw 
material, not only the problem of food shortage can be reduced, 
greenhouse gas emissions due to the consumption of petroleum 
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can also be lessened as well. Accordingly, lignocellulosic biomass 
will become an important resource of fuel used in vehicles. 

Nevertheless, lignocelluloses are featured by biomass recalci¬ 
trance in nature where hemicellulose and cellulose are densely 
packed by layers of lignin [6]. This results in the difficulty of enzy¬ 
matic hydrolysis. In order to improve the rate of enzymatic hydro¬ 
lysis and increase the yields of fermentable sugars from cellulose 
and hemicellulose, a variety of methods of pretreatment have been 
developed. They include mechanical pretreatment, alkali or acid 
pretreatment, steam explosion, ammonia fiber explosion, hot 
water, supercritical C0 2 treatment, ozone pretreatment, biological 
pretreatment and others [7,8]. Among all the pretreatments, the di¬ 
lute acid, especially dilute sulfuric acid, pretreatment is one of the 
most studied and widely used methods [9]. 

To achieve the dilute acid pretreatment, the process is usually 
carried out in a high temperature environment using conventional 
heating. Apart from the conventional heating, microwave heating 
is another proper route to accomplish the disruption of recalcitrant 
structures in lignocellulosic biomass. This arises from the fact that 
water, cellulose, hemicellulose and other low molecular 
compounds (e.g. the organic acid) belong to dielectrics [10]. Conse¬ 
quently, the dilute acid solution can be heated by microwaves 
through a process of dielectric heating [11-13]. Unlike the 
convectional heating with the modes of conduction and 
convection, microwaves heat the solution by means of radiation. 
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This implies, in turn, that microwaves are able to penetrate into the 
solution. Therefore, microwaves can be absorbed uniformly by the 
solution and provide a rapid and energy-efficient heating on bio¬ 
mass pretreatment. 

Over the years, a number of studies have been performed to rec¬ 
ognize the effect of microwaves on the pretreatment process of 
biomass for producing bioethanol. For example, in the earlier study 
of Ooshima et al. [10], rice straw and bagasse with water were indi¬ 
vidually placed in sealed glass vessels and pretreated by micro- 
wave irradiation. They addressed that the pretreated biomass by 
microwaves markedly enhanced the accessibility of the materials 
for enzymatic hydrolysis. Zhu et al. [14,15] employed microwaves 
and alkali to pretreat rice straw and wheat straw and compared 
with the alkali-alone pretreated processes. The results indicated 
that the biomass pretreated by microwaves and alkali had a higher 
hydrolysis rate and glucose contents in hydrolysate. Hu and Wen 
[6] highlighted the pretreatment of switchgrass using microwaves. 
With the microwave-assisted alkali pretreatment, they reported 
that the total sugar yield was 53% which was higher than that ob¬ 
tained from conventional heating. Ma et al. [16] used Box-Behnken 
design and response surface methodology to evaluate the optimal 
microwave pretreatment of rice straw. They found that the maxi¬ 
mum efficiencies of cellulose, hemicellulose and total saccharifica¬ 
tion of rice straw were increased by 30.6%, 43.3% and 30.3%, 
respectively, when the optimal conditions of microwave pretreat¬ 
ment were carried out. 

From the review of the above literature, it is evident that micro- 
wave heating can be an effective and promising method to pretreat 
biomass for bioethanol production. The functions of dilute acid 
pretreatment are to convert hemicellulose contained in lignocellu- 
losic biomass to soluble sugars and to facilitate the subsequent 
enzymatic hydrolysis of cellulose [7,17-19]. It has been known 
that hemicellulose is a mixture of various polymerized monosac¬ 
charides, such as xylose, glucose, mannose, galactose and arabi- 
nose [20], whereas cellulose is a homopolysaccharide composed 
of /?-D-glucopyranose units linked together by (1 4)-glycosidic 
bonds [7]. Soluble sugars and other components generated from 
pretreated biomass are due to the lignocelluloses degradation un¬ 
der the impact of the dilute acid. In other words, the disruption of 
recalcitrant structures of biomass is closely relevant to the perfor¬ 
mance of dilute acid pretreatment. In the past, many studies have 
been performed on the yields of soluble sugars in the solution; 
however, relatively little research has been carried out on the lig- 
nocellulosic structure of biomass. For this reason, the present study 
is intended to evaluate the impact of dilute sulfuric acid pretreat¬ 


ment on the lignocellulosic structure of sugarcane bagasse under 
the environment of microwave irradiation. Variation of the ligno¬ 
cellulosic structure at various reaction temperatures and heating 
times will be addressed. 

2. Materials and methods 

2A. Raw material 

Sugarcane bagasse coming from Taiwan Sugar Corporation in 
Tainan, Taiwan, was selected as the raw material to be tested. 
The bagasse was dried in an oven with the temperature of 105 °C 
for 24 h to remove the moisture contained in the raw material. 
Thereafter, the raw material was ground and sieved to the maxi¬ 
mum particle size of 40 mesh (i.e. particle size ^0.42 mm) for pre¬ 
treatments. Then, the prepared raw bagasse was placed in sealed 
plastic bags and stored in a desiccator at room temperature until 
the experiments were carried out. In regard to the standards of cel¬ 
lulose and lignin, which were analyzed for comparison in this 
work, they were from Lancaster (A17730) and TCI (L0045), 
respectively. 

2.2. Pretreatment system 

The schematic of the pretreatment system is presented in Fig. 1. 
The experimental system, as a whole, consisted of a gas supply 
unit, a heating and power controller unit, a reactor as well as a 
pressure control and monitor unit. In the gas supply unit, nitrogen 
was supplied from a cylinder for leak test and system purge. The 
heating unit was a microwave oven operated at a frequency of 
2.45 GHz. The maximum power of the microwave source was 
900 W and the power was controlled by the power controller. To 
prevent damaging the oven, the current output from the power 
controller was fixed at 9.5 A. The reactor was a Teflon vessel cov¬ 
ered by a stainless steel cap. The volume of the vessel was 
625 ml (50 mm i.d. x 318 mm length); however, only part of the 
vessel’s volume (450 ml) was exposed to the microwave irradia¬ 
tion. Regarding the pressure control and monitor unit, it comprised 
a pressure control switch, a pressure gauge and a back pressure 
valve. The pressure control switch was employed for controlling 
the temperature (or pressure) in the reactor; the pressure gauge 
was used to monitor the pressure and the back pressure valve 
was mounted at the end of pipe for safety. The ON/OFF signal from 
the pressure control switch was sent to the power controller for 
controlling power output. 


b c 



Fig. 1 . A schematic of bagasse pretreatment system using microwave heating (a: nitrogen; b: back pressure valve; c: pressure gauge; d: pressure control switch; e: 
microwave oven; f: solution; g: power controller). 
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Table 1 

Fiber analysis of raw baggase and pretreated materials as well as pH values of the 
liquid solution. 


Raw bagasse 

Hemicellulose: 25.97; Cellulose: 52 45; 
Lignin: 12 72; Ash: 1.01; Others: 7.85 


Reaction temperature (°C) 


130 

160 

190 

5 a (min) 

Fiber analysis 5 (wt.%) 

Hemicellulose 

9.86 

7.64 

0.8 


Cellulose 

53.17 

61.44 

67.31 


Lignin 

28.89 

24.33 

15.67 


Ash 

2.3 

2.73 

2.93 


Other 

3.78 

3.86 

13.29 

pH(-) 


0.43 

0.26 

0.25 

10 a (min) 

Fiber analysis 5 (wt.%) 

Hemicellulose 

9.64 

5.17 

0.59 


Cellulose 

53.31 

65.02 

68.43 


Lignin 

26.94 

16.47 

14.14 


Ash 

2.05 

2.36 

3.66 


Others 

8.06 

10.97 

13.18 

pH(-) 


0.47 

0.30 

0.17 


a Heating time. 

b The relative differences among the measurements were below 5%. 


2.3. Experimental procedure 

In each pretreatment experiment, 10 g of bagasse sample on a 
dry basis was immersed in 200 ml of dilute sulfuric acid solution 
at 0.2 M. This implies that 2.24 ml of pure H 2 S0 4 was blended with 
197.76 ml of pure water (=1.56 wt.%) as a solution. From the mea¬ 
surement of pH meter, the pH value of the dilute acid solution was 
0.68. The raw bagasse and the dilute sulfuric acid solution were 


mixed in the reactor and then heated by microwaves. Before reach¬ 
ing the reaction temperature, the power from the microwave oven 
was outputted continuously and the pressure in the reactor kept 
growing for a certain period. Once the target temperature was 
reached, the bagasse and solution were held at this specified tem¬ 
perature until the required heating time was implemented. There¬ 
after, the reactor was cooled at room temperature. Following the 
cooling, the pretreated materials were separated by qualitative 
filter papers (diameter = 47 mm) with the mesh size of 6 pm. The 
solid residues were then washed by deionized hot water (90 °C 
and 500 ml) for the purpose of removing the acid remained on 
the particles. This procedure could cease the possible further reac¬ 
tion of the acid on the materials. Subsequently, the filtered solid 
particles were dried in an oven with temperature of 105 °C for 
24 h to dry the samples. Eventually, the dried solid residues were 
analyzed by a variety of instruments to figure out their properties. 

2.4. Material analysis and experimental quality control 

Fiber analyses of raw bagasse and pretreated materials include 
the measurements of hemicellulose, cellulose, lignin, ash and other 
components. In the analyses, the method of Van Soest et al. [21] 
was followed, that is, the neutral detergent fiber (NDF) was deter¬ 
mined followed by measuring the acid detergent fiber (ADF) and 
the acid detergent fiber (ADL). From the NDF and ADF, hemicellu¬ 
lose was obtained, whereas cellulose could be obtained from the 
ADF and ADL. Eventually, the content of lignin was obtained from 
the ADL and ash where the ash content was measured by placing 
the ADL in an oven at 500 °C for 4 h. From the fiber analysis, 
the contents of hemicellulose, cellulose, lignin, ash and other 



Fig. 2. SEM images of (a) raw bagasse and pretreated bagasse with the heating time of 5 min and the reaction temperatures of (b) 130, (c) 160 and (d) 190 °C. 
















W.-H. Chen et ail Applied Energy 88 (20U) 2726-2734 


2729 


components in the raw bagasse were 25.97%, 52.45%, 12.72%, 1.01% 
and 7.85%, respectively, as shown in Table 1. In each fiber analysis, 
three samples were simultaneously tested and it was found the rel¬ 
ative differences among the measurements were controlled below 
5%, revealing that the quality of the fiber analysis was reliable. 
Regarding the particle characteristics of the raw bagasse and pre¬ 
treated materials, such as appearance, particle size, crystalline 
structure, internal structure, specific surface area, visible light 
absorption and reactivity, they were explored by means of a num¬ 
ber of instruments. These instruments included a scanning elec¬ 
tron microscope (SEM, FEI Quanta 400F), a laser scattering 
particle size distribution analyzer (Horiba LA-950), an X-ray dif¬ 
fractometer (XRD, PANalytical X’Pert PRO), a Fourier transform 
infrared spectrometry (FTIR, PerkinElmer/Spectrum 100), a BET 
(Brunauer, Emmett and Teller) specific surface area analyzer 
(Micromeritics ASAP 2020), a UV-Visible spectroscopy (Jasco 
V550) and a thermogravimetry (TG, PerkinElmer Diamond TG/ 
DTA). To ensure the quality of the experiments, prior to experi¬ 
ments the reaction system was leak tested using nitrogen at the 
pressure of 12.5 atm for 10 min. The adopted pH meter and instru¬ 
ments were also calibrated periodically to guarantee their accuracy 
and precision. 

3. Results and discussion 

In the present study, two important parameters affecting the 
disruption of lignocellulosic structure of bagasse are taken into ac¬ 
count; they are the reaction temperature and the heating time. 
Three reaction temperatures of 130,160 and 190 °C are considered, 
whereas two heating times of 5 and 10 min are regarded. 


3.1. SEM observation 

Scanning electron microscope (SEM) images of the raw bagasse 
and the pretreated bagasse at the three reaction temperatures with 
the heating time of 5 min are demonstrated in Fig. 2. For the raw ba¬ 
gasse, a complete and compact lignocellulosic structure is clearly 
observed (Fig. 2a). After undergoing the pretreatment with the reac¬ 
tion temperature of 130 °C, the structure of bagasse has been dam¬ 
aged to a certain extent so that some cracks are seen on the bagasse 
surface (Fig. 2b). When the reaction temperature is 160 °C, the dis¬ 
ruption of the lignocellulosic structure becomes more pronounced 
(Fig. 2c) and some tiny holes are exhibited on the surface. With 
the solution heated to 190 °C, the lignocellulosic structure of ba¬ 
gasse has been destroyed in a significant way. As a result, a lot of 
debris is obtained (Fig. 2d). For the heating time of 10 min, basically, 
as shown in Fig. 3, the fragmentation of the lignocellulosic structure 
due to the impact of microwave irradiation is more obvious than 
that with the heating time of 5 min. This is particularly noticeable 
for the reaction temperature of 190 °C where some fragments have 
flaked off from the biomass surface (Fig. 3c). 

3.2. Constituent analysis 

The weight percentages of some basic constituents, including 
hemicellulose, cellulose, lignin, ash and other components, 
contained in the raw bagasse and the pretreated materials are 
analyzed and listed in Table 1 to provide an insight into the 
variation of the constituents affected by both microwaves and 
dilute acid solution. Obviously, the content of hemicellulose in 
bagasse drops markedly when the dilute acid pretreatment is 



Fig. 3. SEM images of pretreated bagasse with the heating time of 10 min and the reaction temperatures of (a) 130, (b) 160 and (c) 190 °C. 
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Fig. 4. Particle size distribution of raw bagasse and pretreated materials at various 
reaction temperatures with the heating times of (a) 5 and (b) 10 min. 

performed, regardless of what the reaction temperature is utilized. 
Moreover, a higher reaction temperature leads to more depletion 
of hemicellulose in the biomass. In particular, when the reaction 
temperature is as high as 190 °C, almost all of the hemicellulose 
in bagasse is destroyed. In contrast, it is noted that increasing the 
heating time from 5 to 10 min merely has a slight influence on 
the contents of the constituents. In view of the substantial hydro¬ 
lysis of hemicellulose at higher reaction temperatures, the relative 
content of cellulose is lifted as the reaction temperature goes up. 
With attention focused on lignin, lignin is inactive at 130 °C so that 
the relative contents of lignin in the solid residues are increased. 
This is the reason that the lignin contents of the pretreated bagasse 
are much higher than that of the raw bagasse. When the reaction 
temperature is increased to 160 and 190 °C, some lignin in the ba¬ 
gasse will also be solubilized by the acid [22]. As a result, the con¬ 
tent of lignin tends to decrease as the pretreatment temperature 
increases. Regarding the pH value in the liquid phase, it can be seen 
that increasing the reaction temperature results in the decrease in 
the pH value to a small extent. This is attributed to the release of 
organic acid from bagasse at high temperatures [23]. 

3.3. Particle size distribution 

It is known that the analysis of particle size distribution plays 
an important role in realizing the situation of solid particle reaction 


Fig. 5. Distributions of (a) mean size and (b) geometric mean size of raw bagasse 
and pretreated particles at various operation conditions. 



Fig. 6. Profiles of specific surface area of raw bagasse and pretreated materials at 
various operation conditions. 
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Fig. 7. Visible spectra of raw bagasse and pretreated materials at various reaction 
temperatures with the heating times of (a) 5 and (b) 10 min. 

[24]. To proceed farther into the recognition of the bagasse struc¬ 
ture under the impact of the pretreatment, the particle size distri¬ 
butions of the raw bagasse and the pretreated materials are 
displayed in Fig. 4. Apparently, the profile of the raw bagasse par¬ 
ticles behaves as a normal distribution. When the biomass is pre¬ 
treated with the reaction temperature of 130 °C, the fibers profile 
is characterized by both the swelling and fragmentation phenom¬ 
ena. This reveals that, while the lignocellulosic structure of bagasse 
is loosened by the dilute acid solution, some tiny particles also de¬ 
part from the raw bagasse, as shown in Figs. 2b and 3b. When the 
reaction temperature is increased from 130 to 160°C, the curves 
move leftward and the volume fraction of the smaller particles 
rises a bit, compared to the curves of 130 °C. This reflects that 
the fragmentation of the particles is merely enhanced slightly. Pre¬ 
treatments also result in the decay of the mode (i.e. the peak), in 
contrast to that of the raw bagasse. For the reaction temperature 
of 190 °C, there is a pronounced movement on the curves, implying 
that much more small particles are formed and the disruption of 
the lignocellulosic structure is drastic. Moreover, it is worthy of 
note that the curves depart from the normal distribution in a 
significant way. Specifically, the drop of the curve at the right hand 
side of the peak is not as sharp as those at 130-160 °C. It is thus 
emphasized that the swelling behavior of the particles is 
particularly notable. Furthermore, Fig. 5 presents the distributions 
of particle mean size and geometric mean size. Clearly, by virtue of 




Fig. 8. FTIR spectra of raw bagasse and pretreated materials at various reaction 
temperatures with the heating times of (a) 5 and (b) 10 min. 

the disruption of bagasse and more small particles flake off from 
the raw material, the distributions have a trend to decrease with 
increasing the reaction temperature. Alternatively, when the pro¬ 
files with the heating times of 5 and 10 min are compared with 
each other, the mean size distribution of the former is lower than 
that of the latter, as a consequence of particle swelling. 

3.4. Specific surface area and visible spectrum 

From the above results, it has been figured out that the lignocel¬ 
lulosic structure of bagasse simultaneously undergoes fragmenta¬ 
tion and swelling. The fragmentation produces more small 
particles, whereby it enlarges the specific surface area of the parti¬ 
cles. On the other hand, the swelling behavior of the particles may 
result from the small holes merged into large holes, rendering the 
interior of the particles scooped. Under such a situation, the 
specific surface area of the particles will be reduced rather than 
be increased [24,25]. The distributions of specific surface area of 
the particles at various reaction temperatures and heating times 
are plotted in Fig. 6 where the BET analyses were carried out. For 
the pretreatments with the heating time of 5 min, in view of the 
fragmentation of the biomass (Fig. 4a), it can be seen that the sur¬ 
face area increases with increasing the reaction temperature. 
When the reaction temperature is 190 °C, the specific surface area 
is pushed up profoundly, stemming from the violent fragmentation 
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Fig. 9. XRD patterns of raw bagasse and pretreated materials at various reaction 
temperatures with the heating times of (a) 5 and (b) 10 min. 



Fig. 10. FTIR spectra of raw bagasse and pretreated materials at various reaction 
temperatures with the heating times of (a) 5 and (b) 10 min. 


of the particles. Once the heating time is elongated to 10 min, the 
swelling behavior becomes more drastic. Because of this, the spe¬ 
cific surface area is relatively low when compared with that with 
the heating time of 5 min. This also confirms that the lignocellu- 
losic structure is further destroyed from the dilute acid 
pretreatment. 

With attention paid to the visible absorption spectrum, Fig. 7 
demonstrates the distributions of the spectra of the studied materi¬ 
als. As can be seen in the figure, within the range of visible light (i.e. 
wavelengths ranging from 400 to 800 nm), the absorption of visible 
light by the raw bagasse is weaker than that by the pretreated mate¬ 
rials. In the meantime, increasing the reaction temperature yields a 
stronger absorption of visible light by the pretreated materials. This 
is attributed to the fact that more small particles are produced from 
the fragmentation of bagasse. On the other hand, it should be pointed 
out that the difference of light absorption between Figs. 7a and b is 
slight. Again, this reflects that the lignocellulosic structure of ba¬ 
gasse is affected by the heating time to a small extent. 

3.5. FTIR , XRD and DTG analyses 

Fig. 8 shows the FTIR spectra of cellulose, the raw bagasse and 
the pretreated material undergoing various operating conditions. 


As mentioned in Introduction, cellulose is a homopolysaccharide 
composed of /?-D-glucopyranose units linked together by (1 -► 4)- 
glycosidic bonds [7,26]. Fig. 8 depicts that a sharp band 895 cm -1 
in the spectrum of cellulose is attributed to /?-glycosidic linkages 
between the sugar units [27,28]. When the raw bagasse is exam¬ 
ined, the band of 895 cm -1 is not notable, probably due to the cov¬ 
erage of cellulose by hemicellulose and lignin. However, when the 
biomass is pretreated with the temperatures of 130 and 160 °C, the 
band of 895 cm -1 is clearly exhibited, revealing the disruption of 
hemicellulose by the solution. It is worthy of note that when the 
reaction temperature is 190 °C, the band disappears, regardless of 
what the heating time is. To proceed further into the recognition 
of the cellulose structure, the XRD patterns of the raw bagasse 
and the pretreated materials are sketched in Fig. 9. In the past 
studies [29,30], it was reported that a major diffraction peak of 
the cellulose crystallographic planes can be identified for 29 rang¬ 
ing between 22° and 23°. From the distributions shown in Fig 9, the 
crystalline structure of cellulose in the raw bagasse is clearly ob¬ 
tained. On the other hand, from the distributions with the reaction 
temperatures of 130 and 160 °C, it has a trend to wither the crys¬ 
talline structure of cellulose. With the reaction temperature of 
190 °C, the crystalline structure of cellulose almost disappears. 
From the observations of Figs. 8 and 9, in summary, disappeared 
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Fig. 11. DTG distributions of raw bagasse and pretreated materials at various 
reaction temperatures with the heating times of (a) 5 and (b) 10 min. 

band of 895 cm -1 at 190 °C (Fig. 8) may be partially due to the 
destruction of crystalline structure of cellulose (Fig. 9). The 
fragmentation of the lignocellulosic structure of bagasse (Figs. 2c 
and 3c) may also cover the /?-glycosidic bonds of cellulose, result¬ 
ing in the disappearance of the band. 

The impact of the dilute acid pretreatments on lignin contained 
in bagasse is explored in Fig. 10. Normally, structure of lignin can 
be identified by the FTIR spectrum with the frequencies of around 
1600, 1509, 1464 and 1422 cm -1 [31], as depicted in Fig. 10. From 
the spectrum of bagasse, the aforementioned peaks can also be 
observed, but they are not pronounced. The major influence of 
the dilute acid pretreatment is to remove hemicellulose from 
lignocelluloses, as shown in Table 1. As a consequence, the feature 
of lignin is distinguished from the residual solid, especially for the 
reaction temperature of 190 °C. For this reason, an increase in the 
reaction temperature makes the peaks more pronounced, as shown 
in Fig. 10. The distributions also reflect that the structure of lignin 
is hardly affected by the dilute acid pretreatments, as observed. 

Eventually, to figure out the reactivity of the raw bagasse and 
pretreated materials, their derivative thermogravimetric (DTG) 
analyses are demonstrated in Fig. 11. In the experiments, the initial 
weight of the each sample, the volumetric flow rate of N 2 and the 
heating rate of the TG were controlled at around 5 mg, 
200 cc min -1 and 20 °C/min, respectively. In the DTG distribution 
of the bagasse, the peaks of hemicellulose and cellulose can be 


identified at 321 and 363 °C, respectively (Fig. 11a). After undergo¬ 
ing the pretreatments of 130 and 160 °C, only the peak of cellulose 
is exhibited, revealing that hemicellulose is consumed dramati¬ 
cally. The above observations are similar to the pretreatments with 
lower reaction temperatures [30]. On the other hand, it can be seen 
that the peak of cellulose decays with increasing reaction temper¬ 
ature. This reflects that the pretreatments also have a pronounced 
impact on cellulose. Because of this, as shown in Fig. 9, the crystal¬ 
line structure of cellulose is abated. When the heating temperature 
is as high as 190 °C, the DTG curves shown in Figs. 11a and b are 
featured by a double-peak distribution. It is inferred that the dou¬ 
ble-peak distribution is due to the thermal degradation of cellulose 
and lignin in that hemicellulose is almost consumed completely, as 
shown in Table 1. 

4. Conclusions 

Dilute sulfuric acid pretreatments of bagasse in an environment 
of microwave irradiation for the purpose of producing bioethanol 
have been performed in this study. Three reaction temperatures 
(i.e. 130, 160 and 190 °C) and two heating times (i.e. 5 and 
10 min) were carried out to evaluate the effects of the two impor¬ 
tant operating parameters on the lignocellulosic structure of the 
biomass. It was found that the pretreatment of bagasse was greatly 
subject to the reaction temperature, whereas the heating time was 
a minor factor in affecting the results. Increasing the reaction tem¬ 
perature declined the content of hemicellulose in bagasse to a 
great extent. Almost all hemicellulose was removed from bagasse 
when the reaction temperature was as high as 190 °C. The higher 
the reaction temperature, the lower the final pH value of the solu¬ 
tion. This arose from the release of the organic acid from bagasse 
under microwave heating. The bagasse fibers undergoing the pre¬ 
treatments were significantly featured by fragmentation and 
swelling. The fragmentation enlarged the specific surface area of 
the biomass because of the formation of more small particles. In¬ 
versely, the swelling behavior reduced the surface area, as a result 
of scooped interior of the particles. With the reaction temperature 
of 190 °C, the fragmentation became so drastic that the surface 
area increased in a significant way. It also resulted in the disap¬ 
pearance of the /?-glycosidic bond and crystalline structure of cel¬ 
lulose, whereas the FTIR spectra of lignin were exhibited clearly. 
From the viewpoint of bioethanol production, seeing that a number 
of components in the solution, including water, cellulose, hemicel¬ 
lulose and other low molecular compounds, can absorb microwave 
irradiation, microwave heating is an effective and rapid heating 
mean to accomplish the pretreatment of biomass. In other words, 
the structural changes of sugarcane bagasse mainly came from 
the combination of microwave disruption and chemical dissolution 
of hemicellulose by dilute sulfuric acid in a higher temperature 
environment. In summary, the obtained results reveal that micro- 
wave heating at 190 °C with 5 min is an appropriate operating con¬ 
dition for the pretreatment of bagasse, from the viewpoint of 
lignocellulosic structural disruption. This arises from the fact that 
the reaction temperature of 190 °C is high enough to destroy hemi¬ 
cellulose and crystalline structure of cellulose, and the pretreat¬ 
ment of 5 min heating can save more energy in contrast to 10 min. 
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